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INTRODUCTION 


Hydrogen-induced  cracking  failures  have  been  a  particular  problem  in  applications 
involving  high-strength  materials  in  aggressive  service  environments,  including  armament 
applications.  Recently,  a  1.7-m  long  crack  was  found  at  an  outside  diameter  keyway  of  a  gun 
tube.  An  investigation  concluded  that  hydrogen  stress  cracking  occurred  at  a  location  of  tensile 
residual  stress  after  being  exposed  to  an  aggressive  electropolish  solution.^*^  Also,  higher  energy 
propellants  have  been  shown  to  increase  the  risk  of  hydrogen  damage  to  bore  coatings,  liners,  and 
the  underlying  steel  substrate.^^^  In  addition,  Troiano  et  have  concluded  that  premature  seal 
failures  in  armament  were  likely  caused  by  the  hydrogen-rich  byproducts  of  the  combustion 
environment. 

In  this  work,  a  fracture  mechanics  approach  was  used  to  measure  the  hydrogen-induced 
cracking  threshold  of  various  steels  and  nickel-iron  base  alloys  at  various  yield  strength  levels. 
The  effects  of  refinement  were  also  examined  for  one  of  the  steels  tested.  The  constant 
displacement  bolt-loaded  compact  sample  (Figure  1),  henceforth  referred  to  as  “the  bolt-loaded 
sample,”  was  used  in  the  testing  because  it  provides  quantitative  information  on  the  crack  growth 
rate,  da/dt,  and  the  threshold  stress  intensity,  in  a  simple  test.  Kjhic  is  the  threshold  stress 
intensity  under  which  no  cracking  will  occur  in  a  given  material  in  a  hydrogen  environment.  As 
a  crack  grows  in  a  bolt-loaded  specimen,  the  load,  and  therefore  the  stress  intensity,  decreases 
until  Kmic  is  reached.  This  test  is  fundamentally  different  from  constant  load  tests,  where  Kjhjc  is 
found  by  testing  several  specimens  at  various  initial  stress  intensities  until  no  cracking  occurs. 
One  disadvantage  of  the  bolt-loaded  specimen  is  that  long  test  times  (up  to  10,000  hours)  may  be 
necessary  when  testing  insensitive  materials,  nonaggressive  environments,  and  at  low  initial 
stress  intensities.  This  problem  may  be  mitigated  by  first  testing  a  sample  at  a  high  initial  stress 
intensity  level  approaching  Kjc-  This  will  aid  in  determining  material  susceptibility  and  the 
initial  applied  stress  intensity  levels  for  subsequent  tests.  There  is  currently  no  recognized 
standardization  of  the  bolt-loaded  specimen;  however,  an  ASTM  committee  is  incorporating  a 
bolt-loaded  compact  specimen  standard  with  the  recently  adopted  ASTM  standard  E  1681-95  on 
environment-assisted  cracking. 

MATERIALS  AND  ENVIRONMENTS 

Materials 


The  materials  used  in  this  investigation  consisted  of  martensitic  and  austenitic-forged 
alloys  with  yield  strengths  ranging  from  760  tol400  MPa.  The  martensitic  alloys  used  have  a 
body-centered  cubic  (BCC)  crystal  structure,  and  the  austenitic  materials  have  a  face-centered 
cubic  (FCC)  crystal  structure.  The  materials  investigated  were  A723,  Maraging  200,  PH  13-8 
Mo  steels.  Alloy  718,  Alloy  706  nickel-iron  base  alloys,  and  A286  iron-nickel  base  alloy.  The 
materials  A723,  Maraging  200,  and  PH  13-8  Mo  were  chosen  for  their  high  strength  and 
toughness  properties  (in  air).  Alloys  718  and  706  were  chosen  for  their  high  strength,  crystal 
structure,  and  hydrogen-induced  cracking  resistance  (compared  with  the  steels  tested).^^’^^  Alloy 
A286  was  chosen  for  its  well-known  resistance  to  hydrogen-induced  cracking.^®  ''^  Some  pertinent 
mechanical/material  properties  of  the  tested  materials  are  listed  in  Table  1. 
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The  material  A723  is  a  Ni-Cr-Mo  quenched  and  tempered  steel.  Both  A723  Grade  1  and 
Grade  2  compositions  were  evaluated  to  determine  the  effects  of  strength,  composition,  and 
refinement  on  da/dt  and  Knnc-  All  A723  materials  tested  had  an  ASTM  grain  size  of  1 1.8.  The 
A723  Grade  1  material  was  electric  furnace  melted  and  vacuum  degassed  (EFM-VD).  The  A723 
Grade  2  material  was  either  electric  furnace  melted  and  electro-slag  remelted  (EFM-ESR)  or 
vacuum  induction  melted  and  vacuum  arc  remelted  (VIM-VAR).  Both  the  ESR  and  VM-VAR 
refinement  methods  increase  the  homogeneity  of  the  microstructure  and  reduce  the  amount  of 
sulfur  (S)  and  phosphorus  (P)  present  compared  with  the  EFM-VD  condition.  The  levels  of  S 
and  P  in  the  Grade  1,  Grade  2  (ESR),  and  Grade  2  (VIM-VAR)  steels  were  0.005/0.006, 
0.002/0.005,  and  0.0007/0.005,  respectively.  Additionally,  the  Grade  2  material  contained 
slightly  more  Ni  to  improve  fracture  toughness.  Maraging  200  is  an  18Co-8Ni  steel  that  was 
conventionally  austenitized  and  aged  to  promote  strengthening  by  Ni3[Ti,  Mo,  Al]  precipitates. 
The  Maraging  200  material  tested  had  an  ASTM  grain  size  of  13.5.  PH  13-8  Mo  is  a  13Cr-8Ni- 
2Mo  martensitic  stainless-steel  that  was  heat-treated  to  two  standard  overaged  conditions.  PH 
13-8  Mo  is  strengthened  by  NiAl  precipitates  during  the  aging  process.  The  ASTM  grain  size  of 
the  PH  13-8  Mo  material  investigated  was  8.6.  Alloy  718  is  a  52Ni-19Cr-19Fe  superalloy  that 
was  tested  in  the  direct-aged  condition  for  maximum  strength  and  a  standard  heat  treatment 
condition  for  maximum  ductility  and  impact  strength.'*^  Alloy  718  receives  its  strength  from 
NijNb  (y")  precipitates.  Alloy  718  in  the  direct-aged  condition  had  an  ASTM  grain  size  of  8.6 
while  the  conventionally  processed  718  had  a  grain  size  of  7.0.  Alloy  706  is  a  41Ni-38Fe-16Cr 
superalloy  tested  in  a  standard  heat-treated  condition  to  maximize  ductility  and  impact  strength 
and  to  promote  formation  of  NijfNb,  Ti,  Al]  (y')  precipitates. The  Alloy  706  material  tested 
had  an  ASTM  grain  size  of  5.3.  A286  is  an  Fe-25Ni-15Cr  superalloy  that  was  tested  in  a 
standard  heat  treatment  condition.  A286  is  also  precipitation  strengthened  by  y'.  The  ASTM 
grain  size  for  the  A286  material  tested  was  10.6.  Table  2  lists  the  various  heat  treatments  of  the 
materials  tested. 

Environments 


All  tests  were  conducted  in  either  electrochemical  cells  or  in  concentrated  acid  solutions, 
with  the  exception  of  A723  Grade  1  (1 160  MPa  YS)  and  Grade  2  (1 130  MPa  YS)  and  Alloy 
706,  which  were  tested  in  both  environments.  All  tests  were  conducted  at  ambient  temperature. 

The  electrochemical  cell  tests  were  conducted  using  a  platinum  anode  and  specimen 
cathode  in  a  3.5%  aqueous  NaCl  solution.  AS2O3  was  used  as  a  “poison”  to  limit  the 
combination  of  nascent  hydrogen  to  the  diatomic  gas.^*®^  All  specimens  tested  using  this  method 
were  precharged  at  a  current  density  of  40  ma/cm^  for  8  hours  prior  to  load  application.  A 
current  density  of  40  ma/cm^  was  also  applied  during  testing.  This  current  density  was 
maintained  at  a  constant  value  by  using  a  current-controlling  power  source  and  keeping  the 
exposed  surface  area  of  the  specimen  constant  throughout  the  test.  The  NaCl  solution  volume 
was  monitored  daily  to  ensure  a  constant  current  density  and  replaced  weekly  to  ensure  a 
constant  reservoir  chemistry. 

All  acid  cracking  tests  were  conducted  in  a  concentrated  50%  sulfuric  acid  and  50% 
phosphoric  acid  solution  (by  volume).  This  solution  is  identical  to  that  used  in  previous  tests. 
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TEST  PROCEDURE 


All  bolt-loaded  test  specimens  were  taken  in  the  C-R  orientation  as  described  in  ASTM 
E  399.  All  tests  were  conducted  following  interlaboratory  guidelines  on  the  bolt-loaded 
specimen  from  Wei  and  Novak.f"^  All  A723  steels  tested  in  acid  were  tested  in  triplicate  for 
each  test  condition.  All  bolt-loaded  tests  were  tested  at  an  initial  stress  intensity  of  55  MPav/m, 
with  the  exception  of  one  Alloy  706  specimen,  which  was  tested  at  1 10  MPa\/m.  The  low-stress 
intensities  of  55  MPa\/m  were  chosen  from  previous  experience  to  avoid  the  problem  of  a  deep 
crack  growing  too  near  to  the  back  edge  of  the  specimen.  All  tests  were  conducted  in  acid  or  an 
electrochemical  cell,  as  described  in  the  preceding  section.  The  stress  intensity  in  the  bolt- 
loaded  sample  is  related  to  the  mouth  opening  through  the  following  relationship:'*^ 

fifllW)  =0.654  - 1 .88(o/W)  ■.2.66(a/IV)^  - 1 .233(<i/W)’ 


where  v  is  mouth  opening  and  E  is  Young's  modulus.  This  K  expression  is  valid  for  0.3  <  aAV  < 
1.  For  the  acid  cracking  tests,  the  acid  was  introduced  to  the  crack  tip  prior  to  load  application  to 
expose  fresh  surfaces  produced  by  the  subsequent  loading.  The  crack  extension  of  the  specimens 
was  monitored  optically  on  both  specimen  sides  on  a  regular  basis  to  determine  K^ppiied  as  a 
function  of  time  and  to  obtain  da/dt  information.  The  mouth  opening  of  the  test  specimen  and 
the  solution  pH  were  checked  frequently  to  ensure  no  relaxation  or  solution  contamination, 
respectively.  The  duration  of  the  tests  depended  on  the  material  tested  and  its  yield  strength. 
Typically,  tests  were  conducted  for  durations  ranging  from  1500  to  6000  hours.  After  test 
completion,  the  final  crack  length  was  measured  to  determine  if  the  test  conformed  to  plain-strain 
test  conditions,  and  the  fracture  surface  was  examined  visually  and  by  scanning  electron 
microscopy  to  determine  the  fracture  morphology.  From  previous  experience  it  is  believed  that 
all  materials  would  easily  conform  to  plane-strain  conditions  because  of  low  hydrogen-induced 
cracking  threshold  values. 

RESULTS  AND  DISCUSSION 

In  general,  the  BCC  materials  tested  exhibited  similar  cracking  characteristics.  Both 
da/dt  and  Kjmc  information  was  similar,  although  both  the  PH  13-8  Mo  materials  tested  had 
lower  crack  growth  rates  and  slightly  higher  Kmic  than  the  average  BCC  materials  tested.  The 
FCC  materials  tested  had  a  lower  crack  growth  rate  than  the  BCC  materials.  This  was  expected 
in  part  because  diffusivity  of  hydrogen  through  an  open-cell  BCC  structure  is  higher  than  through 
a  closed-cell  FCC  structure.  In  other  research,  crack  growth  rates  have  been  shown  to  be  orders 
of  magnitude  less  in  FCC  structures  than  in  BCC  structures  (e.g.,  Ritchie  et  al.*‘^'). 

The  following  sections  discuss  the  results  of  the  various  materials  tested.  Table  3 
summarizes  the  results  of  the  hydrogen-induced  cracking  tests  conducted  on  all  materials. 
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A723  Steel 


The  hydrogen-induced  cracking  tests  conducted  on  A723  steels  in  acid  environments 
showed  dramatic  results  when  plotted  as  applied  stress  intensity  versus  time  (Figure  2).  Figure  2 
shows  the  trend  of  the  data,  illustrating  the  incubation  time,  subsequent  crack  growth,  and 
threshold.  Although  the  Grade  1  and  Grade  2  materials  were  tested  at  about  the  same  yield 
strength  level  (1160  and  1130  MPa,  respectively),  the  incubation  time  increased  from 
approximately  200  hours  to  more  than  2,000  hours.  Additionally,  when  the  yield  strength  of  the 
Grade  2  material  was  increased  13%  from  1130  MPa  to  1275  MPa,  the  incubation  time  decreased 
over  two  orders  of  magnitude  (i.e.,  from  more  than  2,000  hours  to  less  than  12  hours).  After  the 
incubation  time  was  exceeded,  the  crack  grew  until  Kune  was  reached.  Incubation  time  has  been 
observed  to  decrease  with  an  increase  in  strength  or  applied  stress  (e.g.,  Steigerwald  et  al.*'^^  and 
Jones^*^^).  However,  both  the  strength  and  applied  stress  intensity  levels  were  nearly  identical  in 
the  lower  yield  strength  Grade  1  and  Grade  2  materials  tested.  This  suggests  that  the  local  crack 
tip  chemistry  may  have  been  the  controlling  factor.  Therefore,  the  longer  incubation  time  of  the 
lower  strength  Grade  2  material  may  be  attributed  to  the  refinement  and  increased  Ni  content  as 
compared  with  the  Grade  1  material. 

The  crack  growth  rates  of  the  A723  steels  conducted  in  acid  are  shown  in  Figure  3.  A 
five-point  moving  average  was  used  to  analyze  the  data.  This  curve  shows  the  stage  I  and  a 
portion  of  the  stage  It  crack  growth  regimes.  For  the  lower  strength  Grade  1  and  Grade  2  steels, 
da/dt  in  the  stage  n  regime  appears  to  be  constant  at  approximately  10'^  mm/s,  the  same  as  that 
found  by  Underwood  et  al.^*^  The  constant  da/dt  data  in  the  stage  It  regime  for  the  lower  strength 
steels  are  independent  of  K  and  are  solely  a  result  of  diffusion-controlled  crack  growth.  For  the 
higher  strength  Grade  2  steel,  the  da/dt  in  the  stage  n  regime  were  approximately  an  order  of 
magnitude  higher  (10"^  mm/s).  Note  the  wide  scatter  in  both  of  the  lower  strength  steels  at  the 
initial  applied  stress  intensity  of  55  MPav^rn.  This  scatter  occurred  during  the  incubation  period 
when  little  or  no  crack  growth  was  observed.  After  incubation,  the  crack  grew  significantly  and 
the  scatter  was  eliminated.  The  average  Kmic  for  the  lower  strength  Grade  1  steel  was 
approximately  16  MPav^m.  The  average  Kjhjc  for  the  higher  strength  ESR  and  VIM-VAR 
processed  Grade  2  materials  was  approximately  10  and  1 1  MPav^m,  respectively. 

The  electrochemical  cell  tests  on  the  lower  strength  Grade  1  and  Grade  2  steels  exhibited 
incubation  times  of  approximately  325  and  450  hours,  respectively,  then  cracked  rapidly  and 
reached  Kjhic  levels  of  approximately  10  and  16  MPa\/m,  respectively.  Figure  4  shows  the 
applied  stress  intensity  as  a  function  of  exposure  time  for  all  materials  tested  in  the 
electrochemical  cell  tests.  In  the  electrochemical  cell  tests,  little  distinction  showed  in  the 
incubation  time  between  the  Grade  1  and  Grade  2  steels  tested.  It  is  believed  that  the  high- 
current  density  liberated  more  hydrogen  than  the  acid  tests,  thereby  increasing  the  severity  of 
cracking  in  both  steels  and  reducing  the  incubation  time  in  the  Grade  2  steel.  If  the  current 
density  were  decreased  significantly,  a  more  notable  distinction  may  have  been  apparent.  Also, 
only  the  A723  steels  tested  in  the  electrochemical  cell  exhibited  a  classical  incubation  period. 
This  appears  to  more  than  just  a  strength  effect,  because  the  1035  MPa  yield  strength  PH  13-8 
Mo  material  tested  did  not  exhibit  an  incubation  time. 
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The  crack  growth  rates  of  the  A723  steels  tested  in  the  electrochemical  cell  were 
approximately  10'^  mm/s,  as  seen  in  Figure  5.  A  five-point  moving  average  was  used  to  plot  the 
data  In  Figure  5,  the  initial  scatter  was  omitted  from  the  A723  steels  for  clarity. 

The  fracture  surface  near  the  crack  tip  of  the  higher  strength  ESR-processed  Grade  2 
material  is  shown  in  Figure  6a.  In  this  figure,  the  intergranular  fracture  morphology  is  evident,  as 
is  the  chemical  attack  of  the  fracture  surface  caused  by  the  acid  solution.  Much  more  chemical 
attack  was  observed  at  lower  a/W  values,  as  would  be  expected  due  to  longer  exposure  to  the 
acid.  The  remaining  ligament  of  this  specimen  was  forced  open  by  tensile  overload  after  testing 
was  completed.  Figure  6b  shows  a  predominantly  ductile  fracture  morphology  of  microvoid 
coalescence.  However,  the  island  of  intergranular  fracture  is  believed  to  have  resulted  from  the 
remaining  ligament  being  embrittled  by  hydrogen  during  immersion  in  the  acid  solution.  When 
the  tensile  load  was  applied  to  break  the  remaining  ligament,  a  portion  of  it  failed  in  a  brittle, 
intergranular  manner. 

There  were  little  differences  in  the  S  and  P  content  in  the  A723  steels  examined  between 
the  EFM-VD  and  EFM-ESR  refinement  methods.  The  VIM-VAR-processed  steel  contained 
approximately  the  same  amount  of  P  and  much  less  S  than  either  the  VD  or  ESR-processed 
steels.  Because  the  S  is  “tied  up”  as  manganese  sulfide  stringers  in  A723  steels  and  the  P 
content  remained  essentially  constant,  no  direct  correlation  can  be  made  here  on  the  effects  of 
these  impurities  on  incubation  time,  da/dt,  or  Kj^j^.  Previous  studies  have  shown  no  strong  effect 
of  impurities  on  hydrogen-induced  cracking  of  high-strength  steels  with  yield  strength  greater 
than  1250  MPa.i"J 

PH  13-8  Mo 

The  PH  13-8  Mo  material  tested  in  the  1275  MPa  yield  strength  condition  resulted  in  a 
Kihic  value  of  approximately  17  MPa\/m.  The  material  tested  at  a  lower  yield  strength  level  of 
1035  MPa  resulted  in  a  Kmc  value  of  approximately  19  MPa\/m.  It  was  surprising  that  the  lower 
yield  strength  condition  did  not  provide  a  more  improved  Kmc-  More  dramatic  threshold  results 
may  have  been  gained  if  the  PH  13-8  Mo  material  were  tested  in  a  peak-aged  and  an  overaged 
condition  rather  than  two  overaged  conditions  because  the  mechanical  properties  from  a  highly 
overaged  condition  result  in  lower  strength  as  well  as  toughness  due  to  precipitate  incoherency. 
Fracture  toughness  tests  by  Young  et  al.'*®’  on  H-charged  PH  13-8  Mo  specimens  at  a  yield 
strength  level  of  1275  MPa  show  results  similar  to  those  obtained  in  these  tests. 

Maraging  200 

The  Maraging  200  material  tested  in  the  electrochemical  cell  exhibited  a  Kmc  value  of 
approximately  13  MPav/m. 

Alloy  718 

The  Alloy  718  material  tested  in  the  direct-aged  condition  exhibited  no  distinctive 
incubation  time.  As  seen  in  Figure  4,  the  crack  grew  much  slower  and  did  not  exhibit  any  gross 
crack  advances  as  with  the  BCC  materials,  an  advantage  attributed  to  the  lower  diffusivity  of  H 
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through  the  FCC  crystal  structure.  However,  Kj^j^for  the  direct-aged  Alloy  718  specimen  was 
similar  or  less  than  that  of  the  BCC  materials  tested.  The  lower  than  expected  yield  strength  and 
low  Kjhic  values  were  attributable  to  an  undesirable  6  phase  present  at  the  grain  boundaries.''’^ 
Figure  7a  shows  the  fracture  surface  in  the  cracked  portion  of  the  Alloy  718  material  tested  in  the 
direct-aged  condition.  The  fracture  surface  is  entirely  intergranular  in  nature,  with  evidence  of 
the  second  phase  present  at  the  grain  boundaries.  Figure  7b  shows  the  fracture  surface  of  the 
ruptured  remaining  ligament.  The  fracture  morphology  is  brittle,  containing  both  quasi-cleavage 
and  intergranular  fracture. 

The  Alloy  718  material  that  was  heat-treated  to  provide  maximum  ductility  and  impact 
strength  exhibited  no  appreciable  cracking  after  5,000  hours  of  exposure.  The  Kjhic  of  Alloy  718 
in  this  condition  could  be  as  high  as  42  MPav^m,  based  on  environmental  fracture  tests  conducted 
by  Walter  and  Chandler.''*' 

Alloy  706 


After  more  than  3,000  hours  in  acid  and  5,000  hours  in  the  electrochemical  cell,  no 
appreciable  cracking  was  observed  in  the  Alloy  706  specimens  at  both  the  55  MPa\/m  and  1 10 
MPa%/m  initial  applied  stress  intensity  levels.  For  example,  after  5,000  hours  of  exposure  in  the 
electrochemical  cell  at  an  initial  applied  stress  intensity  of  1 10  MPa\/m,  the  current  applied  stress 
intensity  was  90  MPa\/m,  which  corresponded  to  crack  growth  of  only  approximately  3.7  mm.  It 
is  believed  that  the  Kjhjc  value  of  Alloy  706  will  be  higher  than  that  of  Alloy  718  because  slow 
strain  rate  notched  tensile  tests  conducted  on  both  alloys  showed  a  higher  notched  tensile 
strength  ratio  for  Alloy  706  than  for  Alloy  718.''*'  The  slow  strain  rate  notched  tensile  tests  were 
conducted  on  specimens  that  were  hydrogen-charged  and  compared  with  control  specimens 
tested  in  laboratory  air.  The  notched  tensile  strength  ratio  of  the  Alloy  706  specimens  was  0.91 
compared  with  0.84  for  the  Alloy  718  specimens.  High-pressure  hydrogen-notched  tensile  tests 
also  showed  a  higher  ratio  for  Alloy  706  than  for  Alloy  718.''*' 

A286 


After  more  than  2,300  hours  in  the  electrochemical  cell,  no  visible  cracking  occurred  with 
the  A286  material.  The  Kjhjc  value  is  expected  to  be  higher  than  that  of  Alloys  7 1 8  and  706 
because  slow  strain  rate  notched  tensile  tests  showed  a  ratio  of  0.98  for  A286  compared  with 
0.84  and  0.91,  for  Alloys  718  and  706,  respectively.''*'  High-pressure  hydrogen-notched  tensile 
tests  conducted  on  A286  also  showed  an  improved  resistance  to  hydrogen  compared  with  Alloys 
718  and  706.''*' 

SUMMARY  AND  CONCLUSIONS 

1.  Hydrogen-induced  cracking  studies  were  conducted  on  A723,  Maraging  200,  PH  13-8 
Mo,  Alloy  718  Direct- Aged,  Alloy  718,  Alloy  706,  and  A286  alloys  using  the  constant 
displacement  bolt-loaded  compact  specimen.  All  tests  were  conducted  in  either  50% 
sulfuric-50%  phosphoric  acid  solutions  or  in  electrochemical  cells  at  room  temperature. 
All  tests,  with  the  exception  of  Alloy  706,  were  conducted  at  initial  stress  intensities  of  55 
MPa/m.  Information  on  crack  growth  rates  and  hydrogen-induced  cracking  threshold 
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stress  intensities  (with  the  exception  of  Alloys  718, 706,  and  A286)  was  obtained  from 
these  tests. 

2.  The  bolt-loaded  specimen  has  provided  closely  repeatable  hydrogen-induced  cracking 
tests  and  allows  for  accurate  crack  growth  rate  and  threshold  measurement. 

3.  With  the  lower  strength  A723  steels  tested  in  an  acid  environment,  an  incubation  period 
was  observed  followed  by  crack  growth  and  asymptotic  approach  of  a  threshold.  At  the 
lower  strength  levels  (e.g.,  1130  MPa  YS)  refinement  and  alloying  had  an  effect  on  the 
hydrogen-induced  cracking  susceptibility  of  A723;  however,  at  high-strength  levels  (1275 
MPa  YS),  no  benefit  is  apparent.  In  A723,  yield  strength  had  the  most  pronounced  effect 
on  hydrogen-induced  cracking  susceptibility.  As  the  strength  of  A723  increased,  the 
incubation  time  and  Kmc  decreased  while  the  crack  growth  rate  increased.  Crack  growth 
rates  in  the  stage  n  cracking  regime  for  the  lower  strength  A723  Grade  1  steel  were 
approximately  10  *  mm/s.  Crack  growth  rates  in  the  stage  n  regime  for  the  higher 
strength  Grade  2  steels  were  about  an  order  of  magnitude  larger. 

4.  The  electrochemical  tests  were  more  severe  than  the  acid  cracking  tests  for  A723  steel.  A 
shorter  incubation  time  was  observed  for  the  A723  Grade  2  steel,  and  a  lower  threshold 
was  evident  for  both  Grade  1  and  Grade  2  steels  tested  in  the  electrochemical  cell. 

5.  Alloy  718  tested  in  the  direct-aged  condition  had  a  low  Kmc  value  of  1 1  MPa/m,  which 
is  attributable  to  a  deleterious  6  phase  present  at  the  grain  boundaries.  Alloy  718  tested 
under  a  standard  high  ductility  heat  treatment  condition  was  much  more  resistant  to 
hydrogen-induced  cracking  because  no  cracking  was  observed  after  5,000  hours  of 
exposure. 

6.  A286  and  Alloy  706  have  not  exhibited  any  measurable  crack  growth  in  bolt-loaded  tests 
conducted  at  55  MPav^m  after  2,400  and  3,000  hours  of  exposure,  respectively.  Although 
Alloy  706  tested  at  1 10  MPav/m  showed  a  small  amount  of  crack  extension  after  5,000 
hours  of  exposure,  it  has  proven  to  be  very  resilient  to  hydrogen-induced  cracking. 

7.  The  martensitic  materials  tested  in  this  investigation  exhibited  similar  crack  growth  rates 
and  hydrogen-induced  cracking  threshold  stress  intensity  values,  with  the  exception  of  the 
two  PH  13-8  Mo  specimens  tested  at  1 130  MPa  YS  and  1275  MPa  YS,  which  had 
slightly  lower  crack  growth  rates. 

8.  The  austenitic  materials  tested  in  this  investigation  exhibited  up  to  three  orders  of 
magnitude  lower  crack  growth  rates  than  the  martensitic  materials  tested. 
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Table  1.  Mechanical/material  property  information  on  the  materials  tested 


Material 

Yield  Strength 
(MPa) 

Fracture 

Toughness 

(MPa\/m) 

Crystal  Structure 

A723  Grade  1 

1160 

125 

BCC 

1130 

175 

BCC 

A723  Grade  2  (ESR) 

1275 

125 

BCC 

A723  Grade  2  fVIM-VARI . 

1275 

170 

BCC 

Maraging  200 

1400 

175 

BCC 

PH  13-8  Mo 

1275 

145 

BCC 

PH  13-8  Mo 

1035 

125 

BCC 

Alloy  718  (Direct- Aged) 

1150 

135 

FCC 

Alloy  718 

1115 

145 

FCC 

Alloy  706 

1110 

180 

FCC 

A286 

760 

125 

FCC 
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Table  2.  Heat  treatments  of  materials  tested 


Materials 

Heat  Treatment 

A723  Grade  1  @  1 1 60  MPa  YS 

843®C  1  hour  Water  Quench, 

Temper  582°C  4  hours  Air  Cool 

A723  Grade  2  @  1 130  MPa  YS 

843 “C  1  hour  Water  Quench, 

Temper  627  °C  4  hours  Air  Cool 

A723  Grade  2  @  1275  MPa  YS 

843 'C  1  hour  Water  Quench, 

PH  13-8  Mo  @  1275  MPa  YS 

927°C  1/2  hour  Air  Cool, 

Refrigerate  -13°C,  2  hours  Air  Warm, 

Age  556'’C  4  hours  Air  Cool 

PH  13-8  Mo  @  1035  MPa  YS 

927  "C  1/2  hour  Air  Cool, 

Refrigerate  -73  "C,  2  hpurs  Air  Warm, 

Age  579  "C  4  hours  Air  Cool 

Maraging  200 

816‘’C  1  hour  Water  Quench, 

Age  482‘’C  3  hours  Air  Cool 

Alloy  718  Direct- Aged 

718®C  8  hours  Furnace  Cool  to 

621  “C  18  hours  Air  Cool 

Alloy  718 

1038°C  1/3  hour  Air  Cool, 

Age  760°C  1 1  hours  Furnace  Cool  to 

649  ®C  9  hours  Air  Cool 

Alloy  706 

982°C  1  hour  Air  Cool, 

Age  718°C  8  hours  Furnace  Cool 

38*" C/hour  to  621  °C  8  hours  Air  Cool 

A286 

816°C  1  hour  Water  Quench, 

Age  718°C  16  hours  Air  Cool 
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Table  3.  Summary  of  Kj^c  test  results 


Material 

Yield  Strength 

K^mic 

Test  Environment 

(MPa) 

(MPav^m) 

A723  Grade  1 

1160 

16/10 

acid/cell 

1130 

16/16 

acid/cell 

A723  Grade  2  (ESR) 

1275 

12 

acid 

1275 

12 

acid 

Maraging  200 

1400 

12 

cell 

PH  13-8  Mo 

1275 

17 

cell 

PH  13-8  Mo 

1035 

19 

cell 

Alloy  718 

1150 

11 

cell 

Alloy  718 

1115 

cell 

Alloy  706 

1110 

acid/cell 

A286 

760 

- 

cell 

12 


Figure  1.  Schematic  of  bolt-loaded  test  specimen 
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Time  (hours) 


Figure  2.  Applied  K  versus  time  for  A723  steels  exposed  to  a  50%  sulfuric  - 
50%  phosphoric  acid  solution 
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Crack  Growth  Rate,  da/dt  (mmy 


Figure  3.  Crack  growth  rate  versus  applied  K  for  A723  steel  exposed  to  a  50% 
sulfuric  -  50%  phosphoric  acid  solution 
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Kappifed  (MPa  m 


Figure  4.  Applied  K  versus  time  for  high-strength  steels  and  nickel-iron  base 
alloys  tested  in  an  electrochemical  cell 


Crack  Growth  Rate,  da/dt  (mm/s) 


Figure  5.  Crack  growth  rate  versus  applied  K  for  high-strength  steels  and 
nickel-iron  base  alloys  tested  in  an  electrochemical  cell 


Figure  6.  SEM  fractographs  of  a  1275  MPa  YS  A723  steel  exposed  to  an  acid  solution  for 
1,100  hours;  750x  magniHcation:  [a]  intergranular  cracking  near  the  crack  tip  and  [b] 
microvoid  coalescence  in  the  ruptured  remaining  ligament. 


Figure  7.  SEM  fractographs  of  direct-aged  Alloy  718  tested  in  an  electrochemical  cell;  500x 
magnification:  [a]  intergranular  cracking  in  the  cracked  portion  of  the  specimen  and  [b] 
mixed  mode  failure  in  the  ruptured  remaining  ligament. 
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